We have locked two 1064-nm diode-laser-pumped Nd:YAG lasers to two ultralow-expansion glass-ceramic Fabry-Perot interferometers by using the Pound-Drever discriminator technique. The interferometers have finesses of approximately 200,000 and 5-kHz linewidths and are housed in separate temperature-stabilized vacuum vessels. Allan variance measurements of the beat note between the two lasers are as low as 10-14 for delay times between 0.5 and 2 s and increase with the time interval for times longer than 2 s, an improvement of 4 orders of magnitude over the free-running performance.
Laser frequency stabilization is important in highresolution spectroscopy, metrology, coherent communications,' and gravitational-wave detection. 2 In addition, several space missions, including the microarcsecond astrometry experiment, POINTS, 3 and gravitational-wave experiments such as LAGOS, 4 will require frequency-stabilized lasers.
Commercial diode-laser-pumped solid-state lasers in a nonplanar ring oscillator geometry, such as Nd:YAG and Nd:GGG, are relatively easy to frequency stabilize because of their low free-running frequency noise (free-running linewidths less than 5 kHz compared with 1 MHz for He-Ne lasers), which is a consequence of their diode-laser pumping 5 and their fast frequency actuation (piezotuning with 100-kHz bandwidth). 6 Day et al. 7 demonstrated the potential of these lasers by locking two of them to adjacent longitudinal modes of a single Fabry-Perot interferometer and, by using a simple single-path feedback servo to control the piezoelectric frequency tuning of each laser, achieved a subhertz relative beat-note linewidth. In a stabilization experiment, in which two lasers are locked to adjacent longitudinal modes of a single Fabry-Perot interferometer, changes in the interferometer length affect the absolute frequencies of both laser frequencies nearly identically while suppressing the noise in their beat note by the factor N, the longitudinal order of the cavity (for Day et al. N = 44,500). A beat-note measurement with two independent cavities has no intrinsic common-mode rejection, and therefore a beat-note measurement between the two independently locked lasers provides a measure of the absolute stability of both cavities.
There may remain some level of extrinsic commonmode noise rejection, however. For example, both interferometer spacers may experience similar temperature changes or mirror spacer creep.
Hall et al. compared a cavity-stabilized He-Ne laser with an iodine-stabilized He-Ne laser and measured a cavity drift rate of 100 kHz/day and a predictability of approximately 100 Hz over a one-day period. 8 The experimental setup for the measurement of the relative frequency noise of two independently frequency-stabilized Nd:YAG lasers is shown in Fig. 1 A Pound-Drever frequency discriminator produces the error signals for the laser frequency stabilization. 9 Phase-modulation sidebands are imposed on the input beams by using lithium niobate modulators. For laser system A, the modulation frequency is 12 MHz, with a modulation index of approximately 0.6, whereas for system B the modulation frequency is 10 MHz and the index is 0. The two Fabry-Perot interferometers were constructed by optical-contacting mirrors to two nearly identical ultralow-expansion glass-ceramic (Corning 7971) spacers. These spacers are cylindrical, 17 .0 cm long and 5 cm in diameter, with 0.95-cm holes running longitudinally along their axes. The mirrors were polished to a nominal radius of curvature of 20.6 cm, making the cavity somewhat shorter than confocal. The spacer length to mirror radiusof-curvature ratio was chosen to avoid coincidences of higher-order mode frequencies with fundamental modes.
The mirrors were coated in the same tank run by PMS Electro-Optics. The finesse of cavity A is 200,000, and that of cavity B is 180,000. Both cavities transmit approximately 25% of the incident light in a fundamental mode. Each cavity is suspended within its vacuum-compatible housing by six stretched Viton 0-rings. Additionally, each vacuum housing is supported by soft rubber pads mounted upon a Newport vibration isolation table.
The measured free spectral ranges of the two cavities are 872.003 and 872.080 MHz. The difference indicates a difference in optical path length of 29 longitudinal orders out of approximately 323,000. Since the spacers were polished simultaneously while supported in the same jig to a differential length specification of less than 0.5 p.m, the difference in optical path lengths is probably due either to a difference in depth of the concave regions of the mirrors or to a lateral displacement of the optical centers of the cavity mirrors with respect to the axis of the spacer. A lateral translation by 0.9 mm of one mirror would account for the difference in optical path length.
Each interferometer is housed in a stainless-steel vacuum can 30 cm in length and 10 cm in diameter. The housing temperatures are independently stabilized to approximately 100 mK for periods longer than 1 h, as limited by the sensor drift and temperature gradients across the housings. Both interferometer housings are evacuated to approximately 10 mTorr by a common turbomolecular pump.
The measured temperature sensitivity of one cavity is approximately 11 MHz/ 0 C at a nominal temperature of 23° C. This sensitivity corresponds to a thermal expansion coefficient of approximately 4 x 10-8, which is twice that specified for ultralow expansion by the manufacturer. The characteristic time for the cavity to respond to changes in the housing temperature is approximately 104 s.
The heterodyne beat note between the two lasers is detected with a 1-GHz-bandwidth photodetector. That rf signal is mixed down to lower frequency (typically less than 1 MHz) where the resolution of the frequency and time interval analyzer (HewlettPackard 5371A) is greatest.
The frequency stability of oscillators and stabilized lasers is well characterized by the Allan variance. 10 Figure 2 shows two Allan variance measurements. The lower sequence of points represents a series of Allan variance measurements between the two cavity-stabilized lasers, whereas the upper sequence corresponds to measurements of the beat note between two free-running lasers. The variance of the cavity-stabilized lasers has a minimum at approximately 3 Hz for delay times between 0.4 and 2 s.
For time intervals shorter than 0.1 s, the noise decreases approximately as the square root of the delay time, indicating a white-noise floor. Excess noise in the region from 1 to 100 ms is attributed to vibrations from the backing pump. This white-noise region is within a factor of 3 of that reported by Day et al. ' for two lasers locked to a single cavity and indicates that the laser linewidths are of the order of 10 Hz when the noise is assumed white. For integration periods longer than 2 s, the Allan variance increases with the delay time and is largely due to the drift of the spacers resulting from their daily temperature variations.
The time dependence of the frequency drift between the two cavity-stabilized lasers is shown in Fig. 3(a) for a measurement over an eight-day period. These data were normally taken at 20-s intervals and integrated for 8 s. Data collection began when the system was initially evacuated. The cavities were temperature stabilized at a nominal temperature of 27°C. We believe that the initial transient is due shows an expanded view of the residual frequency fluctuations over a 4000-s interval made on the sixth day (indicated by the thicker curve)-; A linear drift rate of 33 Hz/s was subtracted, leaving the random fluctuations 'of the beat-note frequency. These measurements were made by integrating for 8-s periods on 10-s 'intervals. Random fluctuations over hour-long periods are typically of the' order of 1 kHz and are due primarily to thermal drift and parasitic Rtalons.
As the most significant source of long-term drift appears to be thermal, we are currently improving the temperature stability by upgrading the temperature controllers, improving the thermal isolation, and reducing the temperature gradients across the cavity housings. We also plan to compare the long-term stability of these systems with that of a laser locked to molecular iodine."
Further study of measurements of cavity drift with respect to each other and with respect to an iodinestabilized laser may provide information on aging properties (creep) of the spacers and the optical contacts. Small abrupt frequency hops occasionally observed in the data are believed to be a property of the optical contacts. Both of these nonrandom disturbances affect the cavity lengths and present intriguing materials-science problems that may have consequences for space-based experiments as well as for the mirrors used in the Earth-based gravity-wave interferometers.
In conclusion, we have demonstrated the frequency stabilization of two Nd:YAG nonplanar ring oscillators to two independent Fabry-Perot interferometers. This frequency stabilization provided an Allan variance of 10'l for time intervals from 0.5 to 2 s, representing an improvement of as much as 4 orders of magnitude over the stability of the free-running laser. Over a four-day period the frequency drift was less than 1 MHz, which corresponds to a relative
